Abstract Osteonecrosis, also known as avascular necrosis or AVN, is characterized by a stereotypical pattern of cell death and a complex repair process of bone resorption and formation. It is not the necrosis itself but rather the resorptive component of the repair process that results in loss of structural integrity and subchondral fracture. Most likely, a common pathophysiological pathway exists involving compromised subchondral microcirculation. Decreased femoral head blood flow can occur through three mechanisms: vascular interruption by fractures or dislocation, intravascular occlusion from thrombi or embolic fat, or intraosseous extravascular compression from lipocyte hypertrophy or Gaucher cells. In this review, we emphasize etiologic relationships derived mostly from longitudinal cohort studies or meta-analyses whose causal relationships to osteonecrosis can be estimated with confidence. Understanding risk factors and pathophysiology has therapeutic implications since several treatment regimens are available to optimize femoral head circulation, interrupt bone resorption, and preserve the subchondral bone.
Introduction
There is a general consensus on the histopathology and pathomechanics of osteonecrosis (ON) of bone, but there is no such consensus with regard to etiological associations that may constitute risk factors for this disease. The methodological approach to defining risk factors accounts for much of the uncertainty of what constitutes a risk factor and the strength of that association. Historically, the retrospective case-control approach has been utilized to examine populations of patients with ON the presence of comorbidities that might be associated as risk factors. In general, this approach has resulted in (1) a large number of putative risk factors of low prevalence and failure to establish causation between etiologic factors and ON and (2) an overestimation of the prevalence of etiologies that do constitute risk factors. A more contemporary approach is to examine cohorts of patients with assumed risk factors (e.g., alcohol, corticosteroids, trauma) and look prospectively for the development of ON and estimate the true prevalence.
This review focuses on the structural consequences of bone ischemia and suggests a common pathway via compromised circulation leading to ischemia and consequent marrow and osteocyte necrosis. Etiologies that are established risk factors for ON are presented.
This article is part of the Topical Collection on Modern Surgical Treatment of Hip Avascular Necrosis

Pathophysiology Cell and tissue necrosis
Osteonecrosis is characterized by a typical pattern of cell death and a complex process of bone resorption and formation ( Fig. 1 ) [1] . The earliest pathologic characteristics of ON are necrosis of hematopoietic cells and adipocytes followed by interstitial marrow edema (Fig. 1a) . Osteocyte necrosis occurs after approximately 2 to 3 h of anoxia, but histological signs of osteocyte death do not appear until approximately 24 to 72 h after oxygen deprivation [2] [3] [4] . Osteocyte necrosis is reflected initially by pyknosis of nuclei and subsequently by empty osteocyte lacunae. Reactive hyperemia and capillary revascularization occur to a degree in the periphery of the necrotic zone, and with the entry of blood vessels, a repair process begins consisting of both bone resorption and production that incompletely replaces dead with living bone. New living bone is laminated onto dead trabeculae with partial resorption of dead bone (Fig. 1b) . In the subchondral trabeculae, bone resorption exceeds formation leading to the net removal of bone, loss of structural integrity of trabeculae, subchondral fracture, and joint incongruity (Fig. 1c) . It is not the necrosis itself but rather the repair process and in particular the resorptive component that results in loss of structural integrity and subchondral fracture [5] [6] [7] . Finite element modeling has demonstrated that it is the loss of structural integrity of subchondral trabeculae rather than the subchondral plate that is responsible for the subchondral fracture [8] .
These histopathologic changes are reflected in the radiographic appearance of the femoral head producing the appearance of sclerosis and lucency. Areas of lucency reflect bone resorption, while areas of sclerosis are comprised of both living reparative bone and dead trabeculae (Fig. 2) .
Compromised circulation
Understanding the pathophysiology and risk factors of ON is limited by the unavailability of longitudinal studies in humans and the lack of a bipedal mammalian model. Therefore, descriptions of pathophysiology are synthesized from unrelated observations of human disease or are extrapolated from other animal models [1] . Nevertheless, the best evidence suggests a common pathophysiological pathway involving compromised subchondral microcirculation. The vascular anatomy of the femoral head and neck has been well described [9•] . Examination of the microcirculation of the femoral head has demonstrated the vulnerability of the blood supply to the subchondral bone to vascular interruption, intravascular occlusion, and extravascular compression [1] . Compromise of perfusion to the ascending retinacular vessels results in decreased circulation of the femoral head subchondral bone [10] [11] [12] . Other studies have shown that extensive areas of ON are accompanied by involvement of the superficial and inferior metaphyseal arteries [13] . Using direct measurements and computer simulations, a decrease in blood flow of 1.6 would be expected to reduce the intraosseous pO 2 from 75 to 50 mmHg, assuming a constant oxygen consumption rate, resulting in marked ischemia [14] . A unifying concept of the pathogenesis of ON has been presented that emphasizes the central role of vascular pathology and ischemia leading to osteocyte necrosis (Fig. 3) [1] . Decreased femoral head blood flow can occur through three pathogenic mechanisms: vascular interruption by fractures or dislocation, intravascular occlusion from thrombi or embolic fat, or intraosseous extravascular compression from lipocyte hypertrophy or Gaucher cells. A fourth mechanism, extraosseous venous obstruction, has been shown experimentally but probably has minimal clinical significance [15] .
Intraosseous hypertension
Attention has focused on elevated intraosseous pressure as a pathogenic mechanism in ON and has recently been reviewed [1] . Elevated intraosseous pressures have been measured within ON femoral heads associated with venous outflow obstruction and venous stasis [16] [17] [18] . Normal bone marrow pressures have been reported to be about 15 mmHg with recordings above 30 mmHg considered abnormal. The infusion of 5 mL of saline provides a stress to the volume of the venous system within bone [17] . Infusions into normal femoral heads result in transient pressure elevations of about 10 mmHg, which should return to baseline within a few seconds. In ON, this stress test results in sustained elevations in intraosseous pressure of greater than 30 mmHg. However, other observers have not found elevated intraosseous pressure measurements to be reproducible, specific, or sensitive [19] [20] [21] . One study suggested that the diagnostic sensitivity of the test in ON is low with 17 % of hips with ON having intraosseous pressures below 30 mmHg [14] . Another study found pressures to be below 30 mmHg in 32 % of hips with ON and concluded that this stress test lacks sufficient precision as a clinical diagnostic tool [21] . Other observations also cast doubt on the precision of intraosseous pressure measurements. The experimental increase of intraosseous pressure to greater than 30 mmHg has been observed to increase endosteal, periosteal, and cancellous new bone formation but not to produce ON [22] . Elevated intraosseous pressures can be found in osteoarthritis as well as ON and can also be produced by elevations in intra-articular pressure [23] [24] [25] . These observations have led to the conclusion that elevated intraosseous pressure, although often observed in ON, is not causally related to the pathogenesis of the clinical syndrome [26, 27] . In this view, elevated intraosseous pressure is a nonspecific and secondary, but potentially contributory, factor in the pathogenesis of ON [1] . The clinical usefulness of intraosseous pressure measurements appears to vary widely because of differing perceptions of precision. It should be noted however that space-occupying tissue within the intraosseous extravascular space, such as adipocytes or Gaucher cells, may not be detectable consistently by measurements of intraosseous pressure, yet still constitute etiologic factors for ON.
Risk factors
Most reports concerning associating risk factors for ON are observational studies. Observational studies can, (1) start with potentially related factors and follow a cohort forward in time, determining the prevalence of ON (longitudinal cohort studies), (2) measure etiological factors and ON at the same time (cross-sectional studies), or (3) identify a cohort of ON patients and look backward in time for presumptive associations (case-control studies). An example of a cohort study is to ask what fraction of patients with femoral neck fractures develop ON, while a case-control study asks what percentage of patients with ON have had a fracture. Similarly, the question of what percentage of patients treated with corticosteroids develop ON is a cohort study while determining the percentage of ON patients who have been treated with corticosteroids is a case-control study. The methodologically strongest observational design is the cohort study; the weakest is the casecontrol study [28] . Unfortunately, many studies of risk factors for ON have been anecdotal or have used case-control methods resulting in relationships of assumed risk factors to ON whose causality is questionable. In this review, we will emphasize relationships derived mostly from longitudinal cohort studies whose causal relationships to ON can be estimated with the greatest confidence.
Several pathogenic mechanisms may result in ischemia and ON including vascular interruption, intravascular occlusion, and intraosseous extravascular compression.
Vascular interruption
The femoral head is supplied by branches of the medial and lateral femoral circumflex arteries (MFCA/LFCA). These branches enter the metaphyseal region and the nonarticular portion of the epiphysis of the femoral head [29] . The deep branch of the MFCA has been cited as the most important blood supply to the femoral head [30, 31] . The location of these vessels makes them susceptible to direct injury in the setting of trauma [1, 32] .
Intracapsular fractures of the femoral neck may cause direct trauma to vessels that supply the subchondral bone, and relatively high incidences of ON of the femoral head have been reported in patients with these fractures. A recent metaanalysis reported the incidence of ON to be 14.3 % (range 10 to 25 %) in this population [1, 33] . Liu et al. showed through digital subtraction angiography that the rate of ON after a femoral neck fracture was directly linked to the number of vessels crossing the fracture line [34•] . Other studies have attempted to relate fracture type, accuracy of reduction, and time to reduction to the occurrence of ON [1] . A study by Garden revealed that malreduction based on radiographic criteria led to ON and segmental collapse in 65.4 % of patients, compared to 6.6 % of patients with acceptable alignment after open reduction, and internal fixation of femoral neck fractures [35] . Acceptable alignment in this study was defined as the angle between the medial cortex of the femoral shaft and the center of the neck on an antero-posterior radiograph and through the center of the femoral shaft and neck on a lateral radiograph to be between 155 to 180°. In a prospective study, Barnes and Garden reported on a large series of 1108 patients with femoral neck fracture, most of whom underwent an open reduction and internal fixation [36] . They found segmental collapse of the femoral head in 16 % of patients with stage I nondisplaced fracture and 27.6 % of patients with stage III and IV displaced fractures. Similar to the study noted above, the authors found significantly higher rates of nonunion and ON in those patients who were malreduced at the time of their operative intervention. Their results demonstrated that patients fixed in varus alignment had a significantly lower rate of union when compared to those in valgus alignment (50 vs. 71 %). However, those in valgus were also at the highest risk for ON of the femoral head [36] . Similarly, Nikolopoulos et al. also demonstrated that nondisplaced fractures of the femoral neck (Garden classification I, II) led to lower rates of ON when compared to displaced fractures of the femoral neck (Garden III, IV) when treated with internal screw fixation (19.5 vs. 39.5 %) [37] . Tao et al. also found the fracture type, as defined by the Garden classification, as well as poor reduction to be significant risk factors for femoral head ON in their retrospective review [38] . As for the time to treatment, a meta-analysis performed by Papakostidis et al. failed to establish a relationship between the incidence of ON and the interval between injury and definitive internal fixation [39] .
Decompressing the hip joint following an intra-articular femoral neck fracture has been proposed to reduce the risk of ON by theoretically minimizing extraosseous compression of the vessels supplying the femoral head. The literature, however, lacks strong support for or against this theory [40] . Shrader et al. did not find any relationship between capsular decompression and the subsequent development of osteonecrosis of the femoral head [41] . However, in a retrospective analysis, Ng et al. found that hip decompression significantly reduced the risk of ON of the femoral head type II and III fractures of the femoral neck [42] .
Extracapsular fractures of the intertrochanteric region that are distal to the entry of the arterial branches that supply the femoral head have a significantly lower incidence of ON [43] .
Hip dislocations may also interrupt the vascular supply to the femoral head [30, [44] [45] [46] . The deep branch of the MFCA can be injured during a posterior dislocation as it traverses posterior to the obturator externus and anterior to the quadratus femoris muscles [30, 47] . Associated with posterior dislocations, the incidence of ON has been reported to be between 5 and 60 % depending on the time to reduction and severity of the associated fractures and other injuries [44] [45] [46] . Hougaard et al. found the rate of ON to be 4.8 and 52.9 % in their case-control study that analyzed patients with a posterior dislocation reduced before and after 6 h following the injury [46] . There is a paucity of data on long-term outcomes of anterior hip dislocations, but some studies suggest the occurrence of ON of the femoral head in about 10 % of patients [48, 49] .
Intravascular occlusion
Interruption of the vascular flow to the femoral head may be secondary to intravascular obstruction. A variety of etiologies may cause this obstruction, namely, sickle cell aggregations or clots or lipid thrombi [1] .
Sickle cell disease is caused by a genetic mutation in the beta chain of hemoglobin producing an abnormal hemoglobin which polymerizes under physiologic stresses. The polymerization of multiple hemoglobin molecules leads to red blood cells that assume the characteristic sickled appearance. The incidence of ON in patients with sickle cell anemia has been reported as high as 11 to 37 % in prospective and crosssectional studies [50, 51•, 52] . It has been hypothesized that low oxygen tension environments trigger hemoglobin precipitation in these patients leading to erythrocyte sickling. The sickled cells are more prone to adhere to each other and cause intravascular obstruction, especially in the low flow areas of osseous vasculature, particularly the femoral head [53] . As such, the rate of ON of the femoral head was noted to increase with the patient's age. Presumably, this was due to the repeated vascular insults to which these patients are prone over the course of their life. Matos et al. reported ON in 11.1 % of their series of patients less than 21 years of age, and Mukisi-Mukaza et al. found ON in either one or both hips in 37.2 % of their patients greater than 18 years of age [50, 51•] . Additionally, a high likelihood of progression of ON was seen in sickle cell patients who have radiographic evidence of its presence. Hernigou et al. prospectively followed a group of 123 patients with sickle cell disease with symptomatic ON on one side and asymptomatic ON evident on imaging of the contralateral side. On follow-up, 91 % of these patients had pain on the previously asymptomatic side and 77 % had collapse of that femoral head [54] .
Coagulation factor abnormalities have also been implicated in ON of the femoral head. Genetic defects resulting in hypofibrinolysis or thrombophilia may lead to increased thrombi formation and impaired blood flow in the osseous circulation [1, 32, [55] [56] [57] . Hypofibrinolysis secondary to high levels of plasminogen activator inhibitor (PAI) was noted in 31 % of patients with ON compared to 3 % of controls in a prospective cohort study of patients with known ON of the femoral head [55] . With respect to thrombophilia, Zalavras et al. reported in a retrospective case-control study that a significantly higher percent of patients with osteonecrosis had Factor V Leiden mutation than did controls (18 vs. 4.6 %) [56] .
In those without known genetic defects, elevated coagulation factor levels have been reported in patients with ON using case-control methodology. Jones et al. reported that 82.2 % of patient ON had at least one abnormal coagulation factor compared to 30 % of unaffected controls; 50 % of the affected patients had two or more abnormalities compared to 2.5 % of controls [58] . Similarly, higher levels of lipoprotein A, von Willebrand factor, and lower levels of protein C and S were reported in patients with idiopathic ON and secondary ON compared to healthy controls [59] . Decreased levels of protein C and S and genetic resistance to activated protein C both decrease the physiologic regulation of prothrombotic factors V and VIII, allowing intravascular insults to occur in the femoral head [1] . Lipoprotein A has been implicated in several studies [1, 58, 59] . However, it must be noted that there exists some controversy regarding the role of hypercoagulability and ON of the femoral head. It is not always observed in ON of the femoral head and is often seen in other conditions affecting the femoral head, namely, osteoarthritis of the hip and bone marrow edema syndrome [60, 61] . Similarly, abnormalities of protein C and S, antithrombin III, or resistance to activated protein C have not been found in two studies that retrospectively examined patients with Perthes disease [62, 63] . Information emerging in longitudinal cohort studies may show a lower incidence of coagulopathies in ON.
Intraosseous extravascular compression
The concept of the Starling resistor can be used to conceptualize this subsection of etiologies that lead to ON. This resistor consists of a rigid-walled chamber through which pass compressible tubes. Fluid flow through these tubes is related to the amount of pressure exerted on them by the extratubular contents of the chamber. The femoral head can be conceptualized as analogous to a Starling resistor with the osseous vasculature representing the compressible tubes and the intraosseous extravascular space representing the extratubular space of the chamber (Fig. 4a, b) . Elevations in pressure within the intraosseous extravascular space, even if not consistently recordable, could decrease blood flow in the small vessels passing through it. Lipid deposition and adipocyte hypertrophy in the marrow space are the two predominant clinical conditions by which intraosseous extravascular pressure could reduce circulation [1] . Often associated with corticosteroid or alcohol intake, the increase in extravascular pressure has been hypothesized to create an obstruction for arterial inflow or venous outflow leading to ischemia of the marrow elements and osteocytes in the femoral head [64] [65] [66] . Both alcohol and corticosteroid use have been shown to increase adipocyte size, alter lipid metabolism, and shunt cells from an osteocytic to an adipocytic lineage [1, [64] [65] [66] [67] .
Osteonecrosis associated with corticosteroid use has been implicated in 10 to 30 % of cases in retrospective studies [1] . Corticosteroids are used in a variety of disease conditions including systemic lupus erythmatosus, rheumatoid arthritis, asthma, organ transplantation, and vasculitis. Though it has been difficult to separate the contribution to the development of ON of corticosteroid use from the underlying condition, a large meta-analysis of 22 studies found no association between the underlying disease and ON [68] . An important effort has been made to establish which component of dosethe mean daily dose, the cumulative dose, or duration-is associated with development of ON [69•, 70-73] . Prospective cohort studies have suggested that a mean daily dose of >20 mg/day was associated with a significant risk for ON. A meta-analysis by Felson et al. determined a 4.6-fold increase in ON for every 10 mg/day increase in oral corticosteroid intake [68] .
Clinical impressions of the relationships between corticosteroid intake and ON have been formed largely from retrospective and cross-sectional studies that establish the prevalence of corticosteroid use in patients with ON. These studies do not establish the incidence of ON in patients who use corticosteroids and do not establish the causal risk of corticosteroids but rather inform on the fraction of patients with ON that also use corticosteroids [69•, 74] . The studies that have looked with prospective cohort studies at the incidence of ON in patients using corticosteroids report a rate of 4 to 7 % [68, 72, 75] .
Excessive alcohol use has also been associated with ON of the femoral head in 10 to 40 % of cases [73, 76, 77] . Matsuo et al. found that individuals consuming more than 400 mL of alcohol per week were at a 9.8-fold greater risk of developing ON than those who consumed none. This risk rose to 17.9-fold in individuals who consumed greater than 1000 mL of alcohol per week [78] .
Gaucher disease has also been implicated in the development of ON of the femoral head due to its role in decreasing capillary blood flow, possibly by increasing the pressures in the intraosseous extravascular space [74, 79] . Due to the deficiency of beta-glucocerebrosidase, patients with Gaucher disease accumulate large amounts of glucocerebrosides in the lysosomes of their histiocytes, aptly named Gaucher cells.
With time, there is a substantial extravascular, medullary collection of Gaucher cells resulting in increased intraosseous pressures. This increased pressure can, in turn, compress the vascular elements leading to ischemia [1] . A recent study by Poll et al. reported the incidence of ON seen on MRI to be 46 % in these patients [80] .
Other etiologies
Many other etiologies have been associated with ON of the femoral head in case reports and retrospective case-control series. Hyperlipidemia, hyperuricemia, pancreatitis, leukemia or lymphoma, and hypertriglyceridemia have all been implicated as potential causes of ON of the femoral head [1, 58, [81] [82] [83] [84] [85] [86] [87] . Osteonecrosis has also been reported in pregnant patients, those undergoing radiation, bone marrow transplantation, and those with metastatic or disseminated malignancies [1, 88] . Dysbaric ON is well-characterized but is largely of historical interest since safe working compressed air pressures and diving decompression schedules have been established. Other presumptive etiologies have not yet to be studied in prospective studies, and their relative risks have not been established.
Conclusions
Many conditions have been associated as risk factors for ON. However, it is difficult to assign true etiologic status when anecdotal or retrospective methods are used, implicating etiologies of low prevalence, especially when many studies report idiopathic ON constituting 10 to 15 % of cases. When possible, we have relied on reports using a prospective, longitudinal cohort method, or analyses, to identify robust associations between risk factors and ON. This is not to say that we exclude other possible conditions as risk factors for ON, but substantial proof of causation is required.
Risk factors that are strongly implicated as causal for ON seem to converge through mechanisms of vascular impairment to produce subchondral or segmental ischemia and marrow and osteocyte death. A repair process follows that usually results in resorption of subchondral bone that exceeds formation, leading to structural compromise and fracture. Understanding risk factors and pathophysiology has therapeutic implications since several treatment regimens are available to optimize femoral head circulation, to prevent bone resorption and to preserve the subchondral bone. In traumatic ON, acceptable fracture position and time, technique, and approach to fixation are important. In nontraumatic ON, specific prophylaxis is available to prevent lipocyte hypertophy (by limiting alcohol intake and corticosteroid dose), using statins, and treating Gaucher disease with enzyme replacement. Osteonecrosis associated with hypercoagulable syndromes have been prophylaxed with warfarin and enoxaparin [89] .Bisphosphonates have been used to rebalance the rates of subchondral bone resorption and formation with the expectation of preserving the mechanical integrity of subchondral bone and to minimize the risk of fracture and joint incongruity.
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